Orientia tsutsugamushi causes scrub typhus, a potentially fatal infection that afflicts 1 million people annually. This obligate intracellular bacterium boasts one of the largest microbial arsenals of ankyrin repeat-containing protein (Ank) effectors, most of which target the endoplasmic reticulum (ER) by undefined mechanisms. Ank9 is the only one proven to function during infection.
The 33-residue ankyrin repeat is one of the most common protein-protein interaction motifs in nature (reviewed in [Voth, 2011] ).
Long thought to be exclusive to eukaryotes, many viruses and intracellular bacteria were discovered to encode ankyrin repeat-containing proteins (Anks). Several microbial Anks have been identified as key virulence factors that target diverse host cell pathways to promote microbial survival (reviewed in [Voth, 2011] et al., 2008) . A recent analysis of 1,912 bacterial genomes determined that the Ikeda genome ranks in the top 0.3% in terms of its number of encoded Anks (Jernigan & Bordenstein, 2014) . The retention of such a large number of Ank genes over its reductive evolution implies their importance to O. tsutsugamushi. Of the 47 Ikeda Ank ORFs, nine are pseudogenes (Nakayama et al., 2008) . Of the remaining 38, 12 are single copy and 26 are identical or near-identical paralogs of eight representative anks, resulting in 20 unique ORFs that can be distinguished using polymerase chain reaction (PCR) primers (VieBrock et al., 2014) . Our laboratory confirmed that the Ikeda Anks are Type I secretion system substrates and all are transcriptionally expressed during infection of mammalian host cells (VieBrock et al., 2014) . Sixteen Anks also carry another eukaryotic-like domain called the F-box (Beyer et al., 2015; Min et al., 2014) , which recruits host ubiquitin ligase machinery (reviewed in [Lee & Diehl, 2014] ). Thus, O. tsutsugamushi Anks utilize at least two different eukaryotic-like protein-protein interaction motifs. When ectopically expressed, 14 of the 20 Ikeda Anks localize to the endoplasmic reticulum (ER; VieBrock et al., 2014) . A motif that mediates specific targeting of an O. tsutsugamushi Ank to the secretory pathway or any subcellular locale has yet to be identified.
O. tsutsugamushi Ikeda Ank9 is an ER-tropic effector that has
seven ankyrin repeats and a C-terminal F-box (Beyer et al., 2015; VieBrock et al., 2014) . By virtue of its F-box, endogenous Ank9 interacts with S-phase kinase associated protein 1 (SKP1) during infection of mammalian cells (Beyer et al., 2015) , signifying it as the only Orientia effector verified thus far to function during infection. In this study, we demonstrate that Ank9 initially targets the Golgi apparatus using a previously uncharacterized Golgi localization domain (GLD) and subsequently retrograde traffics to the ER. Consistent with this finding, endogenous coatomer protein complex subunit beta 2 (COPB2) a subunit of the COPI complex involved in Golgi-to-ER trafficking, was identified as an Ank9 binding partner.
Ank9 negatively impacts the secretory pathway by destabilizing the
Golgi and ER in succession, inducing ER stress, and inhibiting protein secretion. Orientia inhibits host cell protein secretion, indicating that Ank9 phenocopies cellular phenomena associated with infection.
Neither ectopically expressed Ank9 nor Orientia infection reduces COPB2 cellular levels. However, as in Ank9-expressing cells, the Golgi is destabilized in both Orientia infected and COPB2 knockdown cells, suggesting that Ank9 interaction with COPB2 might be linked to the Golgi instability that occurs during infection. Moreover, Orientia replication is increased in COPB2 knockdown cells. These data reveal a novel microbial GLD, provide first insight into how an Orientia effector targets the secretory pathway, identify Ank9 as one of only a few known effectors that retrograde traffics from the Golgi to the ER, and underscore how a single effector uses multiple eukaryotic-like domains to maximize the number of host cell processes it co-opts. This study also confirms that O. tsutsugamushi can perturb Golgi structure and its replication is favored when the retrograde pathway is disrupted.
2 | RESULTS 2.1 | Ank9 localizes to and disrupts the morphology of the ER Because Ank9 is the only O. tsutsugamushi effector proven to function during infection of host cells and is one of many Orientia Anks that localize to the ER by undefined mechanisms (Beyer et al., 2015; VieBrock et al., 2014) , we sought to understand how it targets the secretory pathway. It was first examined whether Ank9 localizes to the ER membrane and/or lumen and if doing so affects the organelle's morphology. Nonsynchronized HeLa cell cultures were transfected to express GFP-Ank9 or GFP alone. At 16 hr, the cells were screened with antibodies specific for the ER lumenal markers, calreticulin and protein disulfide isomerase (PDI), and the ER transmembrane proteins, calnexin, and derlin-1 and examined using confocal microscopy. GFP-Ank9 colocalized with all four ER markers and pronouncedly disrupted ER morphology, fragmenting and condensing the organelle into Ank9-positive ER-derived structures that could be categorized into two distinct phenotypes, vesicles and rings (Figure 1 a). In control cells, GFP was distributed diffusely throughout the cytosol and nuclei, failed to colocalize with any ER marker, and, based on the immunolabeling patterns for all four ER markers, did not alter ER morphology ( Figure 1b) . Thus, Ank9 localizes throughout the ER and destabilizes its structure.
| Ank9 also targets the Golgi apparatus
In the above analyses, we also observed cells wherein GFP-Ank9 displayed a perinuclear accumulation reminiscent of the Golgi. Because it was unknown if Ank9 or any other O. tsutsugamushi effector targets this organelle, cells expressing GFP-Ank9 or GFP were examined for colocalization with Golgi markers. Perinuclear GFP-Ank9 signal colocalized with Rer1 (ER-to-Golgi intermediate compartment [ERGIC] and cis-Golgi), GM130 (cis-Golgi), GolgB1 (cis-and medial-Golgi), and CellLight Golgi-red fluorescent protein (RFP; medial-and trans-Golgi; Figure 2a ). GFP-Ank9 did not colocalize with lysosomal-associated membrane protein 1 (LAMP-1)-1-positive lysosomes (Figure 2c ). GFP failed to localize with any Golgi marker or LAMP-1 (Figure 2b ,c). These data indicate that Ank9 specifically targets both the ER and Golgi.
| Ank9 co-opts Golgi-to-ER retrograde trafficking
Localization of Ank9 to both the ER and Golgi suggested that it might traffic between the two organelles. Whether it does so in an anterograde or retrograde manner was unclear. Also, from the data generated thus far using nonsynchronized HeLa cells, it could not be discerned if the three subcellular localization phenotypes that GFP-Ank9 produces-perinuclear Golgi, destabilized ER-derived vesicles, and destabilized ER-derived rings-occur concomitantly or in succession. Therefore, we subjected HeLa cells to serum starvation to synchronize the cell cycle prior to transfection and assayed for GFP-Ank9 subcellular localization at 4, 8, and 12 hr. At 4 hr, GFP-Ank9 signal was diffuse in the cytosol and also had accumulated in a perinuclear pattern reminiscent of the Golgi-associated phenotype (Figure 3a) . At 8 and 12 hr, the cytosolic and perinuclear patterns were no longer apparent. Instead, GFP-Ank9 exhibited the vesicular pattern at 8 hr and the ring-like pattern at 12 hr. We hypothesized that upon being expressed in the cytosol, GFP-Ank9 first translocates to the Golgi and then retrograde traffics to the ER.
To test our hypothesis, the time course experiment was repeated except that GFP-Ank9-expressing cells were immunolabeled with Golgi-specific GM130 and ER-specific derlin-1 antibodies. At 4 hr, perinuclear GFP-Ank9 signal predominantly colocalized with that of GM130 but not derlin-1 to yield the Golgi-tropic phenotype (Figure 3b ). The Golgi and ER were intact at this time point. At 8 hr, the Golgi was destabilized, as GFPAnk9-positive, GM130-labeled vesicles were no longer ordered in a perinuclear stack-like arrangement typical of an intact Golgi but were instead fragmented and distributed throughout the cytosol. Also, at 8 hr, transfected cells displayed distended, collapsed, and fragmented ER. As observed in Figure 1a , the derlin-1 labeled ER-derived vesicles were GFP-Ank9-positive (Figure 3b ). At 12 hr, the Golgi and ER were further fragmented. GFP-Ank9 localized to large vesicles or rings that were derlin-positive and GM130-negative. These results support that Ank9 traffics in a Golgi-to-ER retrograde manner and destabilizes both organelles. For us to determine if the Golgi must be intact for GFPAnk9 to initially produce the perinuclear Golgi phenotype and then retrograde traffic to yield the ER-derived vesicles or rings phenotype and to quantify the percentages of cells exhibiting these phenotypes over the course of expression, immediately prior to transfection for expressing GFP-Ank9, HeLa cells were treated with brefeldin A to promote collapse of the Golgi (Sciaky et al., 1997) .
As expected, the Golgi was completely destabilized into GM130-immunolabeled vesicles (Figure 3c ). Yet, brefeldin A impeded neither the abilities of GFP-Ank9 to traffic to and disrupt the Golgi and ER nor the timing by which it does so ( Figure 3d ).
| Ank9 localization to and disruption of the Golgi and ER is F-box independent
Aside from the ankyrin repeat domain, the F-box is the only known O. tsutsugamushi Ank functional domain (Beyer et al., 2015) . For us FIGURE 1 Ectopically expressed Ank9 localizes to and disrupts the morphology of the endoplasmic reticulum (ER). HeLa cells expressing GFP-Ank9 (a) or GFP (b) were fixed and screened at 16-hr posttransfection with GFP antibody and antibody against one of the ER lumenal markers, calreticulin or PDI, or ER transmembrane proteins, calnexin or derlin-1, prior to examination by confocal microscopy. Representative fluorescence images of cells viewed for GFP, ER marker, and merged images plus 4',6-diamidino-2-phenylindole (DAPI), which stains the nucleus, are presented. White arrows denote representative points of GFP and ER marker signal colocalization. Because the cell cycles of the HeLa cells were not synchronized, the timing by which GFP-Ank9 localizes to and disrupts the ER could not be discerned. Results are representative of three independent experiments with similar results. Scale bars: 20 μm. GFP = green fluorescent protein to determine if the F-box is necessary for Ank9 to traffic to and perturb the structure of the Golgi and ER, GFP-tagged Ank9 lacking the F-box (Ank9ΔF-box) was expressed in HeLa cells and examined for colocalization with GM130 and derlin-1. Indistinguishable from the phenotypes exhibited by GFP-Ank9 (Figures 1-3) , GFP-Ank9ΔF-box localized to the Golgi and ER, altered the morphology of both, and FIGURE 2 Ectopically expressed Ank9 localizes to the Golgi but not to lysosomes. HeLa cells expressing GFP-Ank9 (a) or GFP (b) were fixed and screened at 16-hr posttransfection with GFP antibody and antibody against Rer1 (labels the ER-to-Golgi intermediate compartment and cis-Golgi), GM130 (labels the cis-Golgi), or GolgB1 (labels the cis-and medial-Golgi) prior to examination by confocal microscopy. Transfected cells were also incubated with CellLight Golgi-RFP, which labels the medial-and trans-Golgi, prior to fixation and confocal microscopic analyses. Representative fluorescence images of cells viewed for GFP, Golgi marker, and merged images plus DAPI are presented. White arrows denote representative points of GFP and Golgi marker signal colocalization. Because the cell cycles of the HeLa cells were not synchronized, the timing by which GFP-Ank9 localizes to the Golgi could not be discerned. (c) HeLa cells expressing GFP-Ank9 or GFP were also screened with antibody against LAMP-1, which labels lysosomes. Representative images depicting GFP-Ank9 exhibiting Golgi-like (Golgi) and ER-like (ER) localization patterns, as based on colocalization studies presented in Figures 2a and 1a , respectively, are presented. Results are representative of at least three separate experiments having similar results. Scale bars: 20 μm. GFP = green fluorescent protein; ER = endoplasmic reticulum; DAPI = 4',6-diamidino-2-phenylindole (Figure 4) . Thus, the ability of Ank9 to traffic to and disrupt the structure of the Golgi and ER is not predicated on its F-box.
2.5 | The conserved Ank9 N-terminus is necessary and sufficient for Ank9 Golgi localization but is insufficient for Golgi-to-ER retrograde trafficking
We rationalized that the ability of Ank9 to modulate the secretory pathway is predicated on its initial localization to the Golgi. Therefore, the next step in mechanistically dissecting Ank9 was to determine how it targets the Golgi. As there is no one canonical GLD, the BLOSUM (Blocks of amino acid substitution matrix) 62 algorithm, which scores alignments of evolutionary divergent protein sequences based on local alignments (Henikoff & Henikoff, 1992) , was used to compare Ank9 against confirmed GLDs of numerous eukaryotic proteins and bacterial effectors that exhibit Golgi trafficking. The N-terminal 47 residues of Ank9 exhibited homology to a eukaryotic Golgi-targeting sequence called the GRIP domain that is conserved among several golgins and is named after the first four in which it was identified (golgin-97, RanBP2α, Imh1p, and p230/golgin-245; Kjer-Nielsen, Teasdale, van Vliet, & Gleeson, 1999; Kjer-Nielsen, van Vliet, Erlich, Toh, & Gleeson, 1999; Lu, Tai, Wu, Song, & Hong, 2006; Munro & Nichols, 1999) .
Of these four, Ank9 had the most sequence similarity to p230/ golgin-245, a trans-Golgi network membrane protein associated with nonclathrin-coated vesicles that uses its C-terminal 42-amino acid GRIP domain to traffic from the cytosol to the Golgi (Kjer-Nielsen, Teasdale, et al., 1999; . Figure 5a presents a schematic of Ank9 and an alignment of its N-terminus with the p230/golgin-245 GLD. As determined using the protein Basic
Local Alignment Search Tool (BLASTP) algorithm, Ank9, especially its putative GLD-containing N-terminus, is highly conserved among several geographically diverse O. tsutsugamushi strains (Table 1 , Figure S1 , Figure 5b ). Five of these strains were isolated from human scrub typhus patients (Ikeda, Gilliam, Karp, Kato, and Sido) and two from mammalian reservoirs (TA716 and TA763; Blacksell et al., 2008; Jiang et al., 2013) . that were untransfected or expressed only GFP were negative controls. Two posttransfection time points, 4 and 16 hr, were examined to determine if the duration that GFP or a GFP-fusion was overexpressed affected to which fractions it localized. GM130 and calreticulin were present in several fractions at both time points but tended to be most abundant in fractions 5-8 and 6-8, respectively
( Figure 6 ). At 4 hr, GFP exhibited no cofractionation with GM130 or calreticulin but small proportions of GFP-tagged Ank9 and Ank9ΔF-box did, indicating that these two fusion proteins had begun to accumulate at the Golgi or ER-positive fractions. On the basis of data presented in Figure 3 , we presume that GFP-Ank9 and GFPAnk9ΔF-box had trafficked to the Golgi at 4 hr. At 16 hr, low levels of GFP were present in fractions additional to those observed at 4 hr The Ank9 N-terminus is necessary for localization to Golgi-and ER-positive cellular fractions. Lysates of HeLa cells transfected to express GFP-tagged Ank9, Ank9ΔF-box, or Ank9 47-422 for 4 or 16 hr were subjected to density gradient fractionation. Western blots of nine successive fractions were screened with GFP, GM130, and calreticulin antibodies to confirm the Ank9 proteins' subcellular trafficking patterns.
Results are representative of two experiments with similar results. GFP = green fluorescent protein; ER = endoplasmic reticulum ( Figure 6 ). However, comparatively more GFP-Ank9 and GFPAnk9ΔF-box were present in the fractions in which GM130 and calreticulin were most abundant, suggesting that both GFP fusions continued to accumulate at the Golgi and ER throughout the time course. Notably, GFP-Ank9 47-422 failed to accumulate in the GM130-and calreticulin-positive fractions at both time points, validating that the GLD is necessary for Ank9 to traffic to the Golgi and ER. Together, the data presented thus far demonstrate that the Ank9 N-terminal 47 residues contain a bona fide GLD, these residues alone are insufficient for targeting the ER, Ank9 translocation to the ER depends on its initial Golgi localization, and an Ank9 protein must contain the GLD and ankyrin repeat domain in order to disrupt Golgi and ER morphology.
| Ank9 interacts with endogenous COPB2 in a GLD-and F-box-independent manner
Yeast two-hybrid screening was performed to identify potential mammalian Ank9-interacting proteins. Several candidates were identified (Table 2) , two of which, SKP1 and CUL1, we had previously verified to interact with Ank9 by virtue of its F-box (Beyer et al., 2015) . Among the remaining candidates, COPB2 (coatomer protein complex subunit
[COPI] beta 2) was the most conspicuous because it contributes to vesicle budding from the Golgi and Golgi-to-ER retrograde trafficking 
| Ank9 induces ER stress and impairs protein secretion
Given its tropism for the ER and Golgi and its propensity to alter the morphology of both organelles when ectopically expressed, it was next assessed if Ank9 invokes ER stress. As the F-box is the only Ank9 motif b (Italics) Prey sequences were from an untranslated region of the respective gene, therefore no protein function is listed.
FIGURE 7 Endogenous COPB2 interacts with ectopically expressed Ank9 in a GLD-and F-box-independent manner and colocalizes with the Ank9 Golgi-associated but not ER-associated phenotype. (a) FLAG-Ank9 interacts with endogenous COPB2 in a GLD-and F-box-independent manner. Lysates of transfected HeLa cells expressing FLAG-tagged Ank9, Ank9 47-422 (lacks GLD), Ank9ΔF-box, Ank4, or BAP were incubated with FLAG antibody-conjugated agarose beads to immunoprecipitate FLAG-tagged proteins and coprecipitate interacting proteins. Resulting Western blots were probed with COPB2 antibody. Immunoprecipitation of FLAG-tagged proteins was verified by reprobing stripped blots with FLAG antibody. Expression of each FLAG-tagged protein of interest was confirmed by subjecting 3% of each input lysate to Western blotting using FLAG antibody.
(b) GFP-Ank9 colocalizes with COPB2 in a GLD-dependent and F-box-independent manner and only when Ank9 exhibits a Golgi-like localization pattern. HeLa cells expressing GFP-tagged Ank9, Ank9 47-422 , Ank9 2-47 (GLD only), Ank9ΔF-box, or the negative controls GFP-Ank4 or GFP alone were fixed, screened with COPB2 antibody, and examined by confocal microscopy. Representative fluorescence images of cells viewed for GFP, COPB2, and merged images plus DAPI are presented. Representative cells exhibiting GFP-Ank9 Golgi-associated (Golgi) and ER-associated (ER) subcellular localization patterns are denoted. White arrows designate representative points of GFP and COPB2 signal colocalization. Scale bars, 20 μm. Results shown are representative of three experiments with similar results. GFP = green fluorescent protein; ER = endoplasmic reticulum; DAPI = 4',6-diamidino-2-phenylindole; GLD = Golgi localization domain encoding ER chaperones and protein-folding enzymes (Lee et al., 2002) and genes involved in apoptosis, amino acid transport, and oxidative stress resistance, respectively (Harding et al., 2003; Urra, Dufey, Lisbona, Rojas-Rivera, & Hetz, 2013) . Western blots of whole cell lysates of HeLa cells expressing GFP-tagged Ank9, Ank9ΔF-box, or GFP were probed with antibody to ATF4 or XBP1. The densitometric signal intensity of each UPR transcription factor was compared to that of ß-actin for each sample. Compared to GFP alone, GFP-Ank9 stimulated a significant increase in the ratio of ATF4 to ß-actin (Figure 8a,b) but not XPB1 to ß-actin (Figure 8c,d) . The ATF4 to ß-actin ratio in cells expressing GFP-Ank9ΔF-box was not statistically significant from that in cells expressing GFP-Ank9 or GFP only (Figure 8b ). Stripping and reprobing the blots with GFP antibody revealed that the expression of GFP alone was nearly twice that of GFP-Ank9 and GFP-Ank9ΔF-box and also that the levels of GFP-Ank9 and GFP-Ank9ΔF-box were comparable (Figure 8b,d) .
Thus, ATF4 induction is an F-box-independent function of Ank9 and does not merely result from ectopic overexpression of proteins.
Based on the data presented in Figures 4, 6 , and 7, the residual ATF4 induction associated with GFP-Ank9ΔF-box expression was likely due to the fact that it retains the ability to traffic to and disrupt the Golgi and ER.
A by-product of ER stress is the perturbation of cellular protein secretion (reviewed in [Trombetta & Parodi, 2003] compared to cells expressing FLAG-BAP (Figure 9a ). Whereas 
| O. tsutsugamushi impairs host cell protein secretion
Because Orientia expresses Ank9, an effector that targets the secretory pathway, during infection of host cells, we next determined that if the bacterium itself inhibits host cell protein secretion. HeLa cells were transfected to express the secreted luciferase reporter and infected with
Orientia at varying multiplicities of infection (MOI). At 24 hr, the relative luciferase activity in the cell culture medium was measured and compared to mock-infected cells (Figure 9b Ank9 carries a C-terminal F-box that binds SKP1 during infection and nucleates the SCF1 complex (Beyer et al., 2015) , the role of which is to polyubiquitinate interacting proteins (reviewed in [Lee & Diehl, 2014] ). Polyubiquitination can target proteins for degradation in the 2.11 | siRNA-mediated knockdown of COPB2 promotes Golgi destabilization and favors O. tsutsugamushi replication As COPB2 is targeted but not reduced by Ank9 and COPB2 levels are unchanged in Orientia-infected cells, we posited that the bacterium might negatively regulate COBP2 without degrading it. Furthermore, because the relevance of the Ank9-COPB2 interaction in Orientia infection could not be discerned using knockout complementation of Ank9 due to the bacterium's genetic intractability, we examined the importance of COPB2 to infection by small interfering RNA (siRNA) knockdown. We rationalized that reducing COPB2 cellular levels would phenocopy any negative regulation of COPB2 that the bacterium might execute. HeLa cells were treated with COPB2 or nontargeting siRNA for 48 hr, incubated with O. tsutsugamushi organisms at an MOI of 10, and the infection was allowed to proceed for 72 hr. In COPB2 siRNA-treated cells, COPB2 levels became progressively reduced throughout the time course (Figure 11a ) and the Golgi was destabilized (Figure 11b ). Western blot analysis with antibody against O. tsutsugamushi TSA56 (56-kDa type-specific antigen), and quantitative PCR (qPCR) analysis using primers targeting the bacterium's 16S ribosomal RNA gene revealed that the Orientia DNA load was higher in COPB2 knockdown versus control cells at 48 and 72 hr (Figure 11a,c) . Thus, O. tsutsugamushi achieves a higher level of infection in cells in which COPB2 levels have been reduced. 
| DISCUSSION
Its obligate intracellular lifestyle necessitates that O. tsutsugamushi co-opts host cellular pathways to facilitate its survival. An effective way to accomplish this task would be to utilize individual effectors that commandeer multiple eukaryotic processes. Data presented herein, together with our prior report (Beyer et al., 2015) , delineate
Ank9 as a multifunctional effector that is conserved among geographically diverse O. tsutsugamushi strains and employs at least three distinct domains that interface with or modulate several host cell proteins or processes-SKP1 and CUL1 (SCF1 ubiquitin ligase assembly), COPB2 (Golgi-to-ER retrograde vesicular trafficking), the UPR, and protein secretion. We propose the following model for Ank9 function. By virtue of its N-terminal GRIP-like GLD, Ank9 traffics to the Golgi, where it interacts with COPB2 to co-opt the COPImediated retrograde pathway and traffic to the ER. These events do not require the Golgi to be intact, as they occur in the presence of brefeldin A. Once at the ER, Ank9 invokes the ATF4-mediated UPR. Its actions at the ER and/or Golgi disrupt protein secretion.
These events are Ank9 specific and do not merely result from the accumulation of overexpressed GFP-fusion protein, as ATF4 was not upregulated and Golgi and ER morphology was unaltered in cells ectopically expressing GFP, which accumulated to a level approximately twice as that of GFP-Ank9.
O. tsutsugamushi replicates adjacent to the ER and Golgi (Kim et al., 2001) , juxtaposing it at an ideal location for delivering secretory pathway targeting effectors. In infected host cells, the ER is distended (Yang, Zhao, Li, Liu, & Feng, 2008) , Golgi structure is perturbed, and the secretory pathway is inhibited. The bacterium's effect on Golgi stability is observable by 48 and 72 hr in cells infected at an MOI as low as 5. Ectopically expressed Ank9 phenocopies these aspects of Orientia infection. Within hours of accumulating at the Golgi and ER, GFP-Ank9 destabilizes both organelles in a highly reproducible temporal manner. We surmise that at the low level at which it is expressed during infection (Beyer et al., 2015) , endogenous Ank9 modestly perturbs Golgi and ER morphology but that these phenotypes are exaggerated in cells overexpressing the effector. Support for this premise comes from the fact that the degree of Golgi destabilization and the rate at which it occurs both increase in a bacterial dose-dependent manner. COPB2 helps maintain Golgi stability, as the organelle is Without first localizing to the Golgi, Ank9 cannot properly traffic, disrupt Golgi and ER stability, or inhibit the secretory pathway. Neither the GLD nor the F-box is required for Ank9 to bind COPB2, FIGURE 10 COPB2 levels are unchanged in cells expressing FLAG-Ank9 or infected with Orientia tsutsugamushi. Whole cell lysates of HeLa cells that were transfected to express FLAG-Ank9 versus FLAG-BAP (a) or that were uninfected or O. tsutsugamushi infected (c) were analyzed by Western blot with antibodies to detect COPB2, GAPDH or β-actin as a loading control, FLAG to confirm FLAGtagged protein expression, and/or O. tsutsugamushi outer membrane protein A (OmpA). The mean ± SD COPB2 to GAPDH or β-actin ratios for pairs of lysates from at least three separate experiments was determined using densitometry (b and d). ns, not significant. whichimplicates the ankyrin repeat region or, albeit less likely, an unidentified protein-protein interaction domain. The ability of FLAG-Ank9 47-422 to coprecipitate COPB2 even though it could not traffic to the Golgi is presumably due to the fact that the interaction occurred during incubation in a whole cell lysate in which COPB2
and Ank9 would have opportunity to interact and compensate for the inability of Ank9 47-422 to traffic to the Golgi and access COPB2.
To our knowledge, Ank9 is the first obligate intracellular bacterial effector identified to utilize a GLD and to also exhibit dual Golgi-ER localization. It is also the first microbial protein known to mimic the GRIP domain. By comparison, Salmonella Typhimurium effectors use a conserved N-terminal WEK(I/M)xxFF motif to target the Golgi (Brown et al., 2006) . We deemed the Ank9 region as a GRIP-like GLD as opposed to a bona fide GRIP GLD for three reasons. First, GRIP domains are typically located at the C-termini of coiled-coil peripheral membrane proteins (Barr, 1999; Munro & Nichols, 1999) , whereas Ank9 lacks coiled coils and has an N-terminal GLD. Second, eukaryotic GRIP domains have a conserved tyrosine at position 4 (Barr, 1999; Munro & Nichols, 1999) (Figure 5 , asterisk), which the Ank9 sequence lacks.
Third, whereas the GRIP domain specifically targets the trans-Golgi network (Brown et al., 2001; McConville et al., 2002) , Ank9 localizes throughout the cis-, medial-, and trans-Golgi. Despite these distinctions, the Ank9 GLD is similar enough to facilitate Golgi localization.
It will be important to pinpoint which residues are essential for its function, as such knowledge will be useful for identifying other microbial Golgi-localizing effectors and stands to expand overall understanding of Golgi-targeting motifs.
Bacterial hijacking of host retrograde trafficking has been reported with exotoxins such as shiga toxin, cholera toxin, and Pseudomonas exotoxin A. Although Pseudomonas exotoxin A and cholera toxin rely on a eukaryotic-like KDEL sequence for recognition by COPI vesicles and subsequent trafficking to the ER, Shiga toxin employs a COPIindependent, actin or microtubule-dependent mechanism for retrograde trafficking (reviewed in [Capitani & Sallese, 2009; Sandvig, Torgersen, Engedal, Skotland, & Iversen, 2010] ). Ank9 retrograde trafficking to the ER is unique from these three exotoxins because it does not have a KDEL sequence and still co-opts COPI traffic, as inferred from its confirmed interaction and subcellular localization with COPB2. The Ank9-COPB2 association is likely short lived, as GFP-Ank9-positive ER-derived vesicular structures are negative for COPB2. GFP-Ank9 47-422 is unable to localize to either the Golgi or the ER, whereas GFP-Ank9 2-47 localizes to the Golgi but not the ER. This indicates that the GLD is sufficient for Golgi targeting, but something more is needed for ER localization. GFP-Ank9ΔF-box includes the GLD, ankyrin repeats, and a unique region between the ankyrin repeat and F-box domains. As shown in this and our previous study (Beyer et al., 2015) , GFP-Ank9ΔF-box localizes to and morphologically disrupts both the Golgi and ER akin to GFP-tagged full-length Ank9. Thus, the ankyrin repeat and/or unique region confers ER localization and Golgi/ER structural perturbation only when in the presence of the GLD, and the F-box plays no role in Ank9 subcellular trafficking or organelle disruption. Aside from binding SKP1 (Beyer et al., 2015) , the role of the Ank9 F-box in infection remains unclear. As more Ank9-interacting partners are identified, it will be key to determine if the effector and Orientia promote their ubiquitination and/or proteasomal degradation. O. tsutsugamushi str. Ikeda was originally isolated from a human scrub typhus patient in Japan (Ohashi et al., 1996) . HeLa human cervical epithelial cells were cultured and infected with O. tsutsugamushi str.
Ikeda as previously described (Beyer et al., 2015) . HeLa cells were seeded on coverslips of a 24-well plate such that 90%-95% 
| Plasmid constructs
N-terminal fusions of O. tsutsugamushi str. Ikeda Ank9 (OTT_0298) and Ank4 (OTT_0210) with GFP and FLAG (VieBrock et al., 2014) and pGFP-Ank9ΔF-box and pFLAG-Ank9ΔF-box plasmids in which the C-terminal F-box motif is removed from Ank9 (Beyer et al., 2015) were made as previously described. The pFLAG-BAP, which encodes the negative control, FLAG-tagged BAP, was purchased from Sigma- 
| Immunofluorescence labeling and confocal microscopy
Transfected or O. tsutsugamushi-infected HeLa cells on coverslips were fixed and immunofluorescently labeled as described (VieBrock et al., 2014) . His-tagged chimeric TSA56 protein was expressed and purified by immobilized metal affinity chromatography as previously described (Miller, McDowell, Bell, & Marconi, 2011) and supplied to New England Peptide (Gardner, MA) for generating rabbit antiserum.
Coverslips were incubated with primary antibodies to detect TSA56 (1:1000), calnexin (C-terminus, 1:100; Enzo Life Sciences, Farmingdale, NY), calreticulin (1:250; Sigma-Aldrich), Rer1 (1:1000;
Sigma-Aldrich), derlin-1 (1:400; Sigma-Aldrich), protein disulfide isomerase (1:500; Sigma-Aldrich), GolgB1 (1:100; Sigma-Aldrich), GM130
(1:250; BD Biosciences, San Jose, CA), LAMP-1 (2 μg/ml; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), COPB2 (1:1000; Bethyl Laboratories, Montgomery, TX), and FLAG
(1:1000; Sigma-Aldrich). Alexa Fluor 594-conjugated goat antirabbit IgG or goat antimouse IgG (1:1000; Invitrogen) was used as secondary antibodies prior to mounting with ProLong gold antifade plus 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen). CellLight Golgi-RFP was used according to the manufacturer's directions (Invitrogen). Slides were examined, and images were acquired by spinning disk confocal microscopy using a BX51 microscope (Olympus, Center Valley, PA) affixed with an Olympus disk spinning unit and an ORCA-R 2 CCD camera (Hammamatsu, Japan). Spinning disk images were processed using the Slidebook 5.0 software package (Intelligent Imaging Innovations, Denver, CO).
| In silico analyses
The National Center for Biotechnology Information (NCBI) BLASTP Blacksell et al., 2008; Jiang et al., 2013) . GenBank accession numbers and gene annotations are listed in Table 1 . Proteins were considered an Ank9 homolog if they had >80% coverage and >60% sequence similarity as determined by the BLAST algorithm.
Amino acid sequence alignments were constructed using Geneious R6 v.6.1.8 software (http://www.geneious.com/), and similarity between Ank9 and p230 was determined using the default Geneious alignment algorithm. were isolated, and the corresponding prey fragments were PCR amplified, sequenced, and identified using the NCBI GenBank Database (http://blast.ncbi.nlm.nih.gov/genbank) and bioinformatics tools (BLAST). Predicted biological score was calculated to assess the reliability of each interaction, ranging from the highest probability of specificity (A score) to the lowest probability of specificity (E score) between two proteins (Rain et al., 2001 ).
| Yeast two-hybrid

| FLAG pull-down assays
Precipitation of FLAG-tagged proteins was performed as previously described (Beyer et al., 2015) . Briefly, cells were lysed in lysis buffer nitrocellulose, which was screened with antibodies to detect COPB2
(1:10000) and FLAG (1:1000 were counted for each triplicate sample. Cells were examined by spinning disc confocal microscopy and classified as "diffuse" whereby GFP signal was distributed evenly throughout the cell cytoplasm;
"Golgi" when the GFP signal was distributed throughout the cytoplasm but with a perinuclear accumulation that was verified herein using immunolabeling to correspond to Golgi localization; or "ER vesicles or rings" when the GFP signal manifested as large aggregates or rings in the cytoplasm verified herein via immunolabeling to be ER derived. At 4-or 16-hr posttransfection, the cells were washed twice with cold phosphate buffered saline prior to processing for density gradient centrifugation and trichloroacetic acid precipitation as previously described (Truchan et al., 2016) . Equal volumes of fractions 1-9
| Density gradient centrifugation
were immunoblotted using GM130 (1:500, BD Biosciences), calreticulin (1:4000, Sigma Aldrich), and GFP (1:1000, Thermo Fisher)
antibodies.
| Determination of ATF4 and XBP1 induction
Confluent HeLa cell cultures grown in T-25 flasks were transfected with 4 μg of plasmid to facilitate expression GFP, GFP-Ank9, or GFPAnk9ΔF-box. At 18 hr, the cells were dislodged by scraping, pelleted at 500×g, and washed twice with phosphate buffered saline. Cell pellets were lysed using RIPA buffer (described in [Troese et al., 2011]) on ice for 45 min and centrifuged at 16,000×g for 10 min, and the supernatants were quantified using Protein Assay Reagent (Bio-Rad).
For each sample, 30 μg of lysate was resolved by SDS-PAGE as described (VieBrock et al., 2014) and Western blotted with antibodies against ATF4 (1:1000; Cell Signaling Technology, Beverly, MA) or XBP1 (1:1000; Cell Signaling Technology) diluted in 5% (vol/vol) bovine serum albumin in tris-buffered saline with 0.5% Tween-20 (TBS-T). Blots were subsequently screened with anti-β-actin (1:2500, Santa Cruz Biotechnology, Dallas, TX) and anti-GFP, and densitometry was performed as described above.
| Luciferase secretion assay
HeLa cells seeded into wells of 24-well plates were cotransfected with 0.4 μg of endotoxin-free pCMV-GLuc, for expression of secreted Gaussia luciferase, and 0.4 μg endotoxin-free pFLAG-BAP, pFLAG-Ank9, pFLAG-Ank9ΔF-box, or pFLAG-Ank9 47-422 using Lipo- (Table 3) . Using the CFX96 real-time PCR detection system (Bio-Rad), qPCR assays were performed. Relative infection load levels were normalized to the DNA levels of the host cell β-actin gene using the 2 −ΔΔCT method (Livak & Schmittgen, 2001 
| Statistical analyses
One-way analysis of variance with Tukey's posttest was performed using the Prism 5.0 software package (Graphpad, San Diego, CA) to assess statistical significance (set at P < .05). For densitometry data, ANOVA analyses using Prism 5.0 were applied.
